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BuCF.LIhGOF STEEL CYLINDERS CONTAINING CIRCULAR CUTOUTS
REINFORCED ACCOROING To THE AREA REPLACEMENT METHOD

Abs’

CY1

R. C. Dove, J. G, Bennett,* 1. A. Butler
Group Q-13, Los Alamos National Laboratory

Los Aldmos, New Mexico

r3ct:

The eff~ct of the use of the area replacement method (ARV) for reinforcing clrcu ar Penetrations ir
ndrical steel shells has been studied both experimentally and analytically. HOM this type of reinforc6.

is the specific area oftint affects the buckling strength of a shell subjected to uniform axi~l compression
investigation. In shells that are of such a quality that the penetration :“eaucesthe buckling Streogtl, the
use of the ARM will incre~se tht buckling strength of the shell. In any case, the conservative “kncckcmr”
factors Sugcj.s.tedfor buckling design Flythe American Society of Mechanical Engineer’s (ASME) BOllW ar,c
Pressure Vessel Code shoulc!ersure ar,adeQuate marg+n to fnilure under this loading condition,

Introduction:

Steel Containment currertly In use irI reactor plant design$ are basically large pressure vessels that
consist of ryllnarical sections In combination with a dome head (Fig, 1). The cylindrical secticn of the
vessel has nurrxrms penetrations, usually circular, for piping, personnel, and eqbiPfnentaccess. Becaus of
a numLer of lud~lngs that ~111 pr~a~ce compressive states of stress in the walls of the vessel, the clesg~,
must be exarlned for pctpntial buckling, There are several Questions that arise regarding the method or
rnethciclsuses to cJe$ign the<e Containnwnt$ but th f,~v:cific question addressed in this research concerns thl
use of the AWL Eci!er and Pr?ssurc kvstel Code ule$ for reinforcing around the penetrations. Tt15
cw CUYVI”Stnt reinforclr,grvc.irements for openings in shells and formed hews that is CO~nly knh~+ as
tlte Ak?t, The purpose of this study WJS to investigate the cse of th? ARF’for “fabricated” steel cyllnaers
lcadec in axial Compression ard ha~lnq larqe clrcu~ar ~per,}ngs. The radius-to-thicknessratio is in thk
raf,g( of that US6C for b nucledr p(ner plant steel contcrinnvnt, A “fabricated” cyllnder Is here Ceflnfc ds a

Cylinder constructed by norrralrolllng and welctingshop practice$ to normally specified englnecrln,;
tolerances.

ywe: “*r’““$
, r~,s~d~(hor ShE?lS contdtning cutwts tS swmnarizeclin R?f. Z, 1P addition, ~Illef d’:

Gr(t( d~,,,(r}~~ tt,,)r (,h~ [II,! lr.r,t$ or, Mylar plastic cylindrical she]ls with reinforced circ(,ldropel-
tr’a:. 18 LCCICI(J ha~ d! s(, c~lfc,, tfil hiJcb llnq te~ts on a~l,:llyloact~c!right clrctildrcylinders construttv”
~f h’jld? ~l(J\t)C, dnf ‘!?r!,V\ ,4\ rtl?’.truct~~and tested 16 rlqht circular c~linctrr$rrldrl+of Kjlar,
Ll*~(!f arlcP(lnc, (., te’,t$r!alu~l’ur’c~llnd?rs machtnfd from alumlnum tuttno; rertanclultsr C,(tmts, nit)
~r,d “Jtl,(li,t rplrf(lrrpr*rt, W(IV g,d!~~tec,

It I! lml’rtnrt tt nrt$,that:

1/ h tl~of thtv te~t$ h~IV c(lrlcuctyclor,“fdhr’lcdted”steel cyllnderi as d~?lnrt Ir thr p~ecpcln$
$Pf,t)(r,,

/j ]r thc$o *r~ts, ehct,cylfr,florthat ka$ tpstpd with a cutout wa~ first lt<t~d twfore tb( Cuta,t v.a!
I?,!()$,t{ P$talll!,~d r@(!7P~l(PtIuCbl\n~ lofl(!for that ~drttcUldr Cylfndpr. This nas posslt)@ SltILt
~J)ar CISn‘)?lIIrilI,lFolly !l~~q~ mitt, Only n@ClfCJltle dan,dar. lhe’tl~rklfnuu~,f(rr~tlon of th( ali,f”l.
nuP C)l IneOr$ ij~(d [, /itrMI!f art: H\lrWS was Ilmlted by L mandrr! 2(I ~b(!t th~,) LCIUld a}$C~ h> r(.
prdtedly lIU(blPd, “

hit)!th( ~d~l!jrou,ldQIVf ~ alLIVf, *V ?~t’ now tn a po$ftton to 91Yt a Statcm,nt of the p’oblcrIspe(lf~callj
itv(ttfget?d In thl! r?warch. Mt,t,r @ fijl,rlcatecj ~tahpl \h@ll StruCtUre f$ $Ut,J@Ctedtt &I dh!tl ]040 tl,(’
t)J(kl\r19si~onqtl,1} Cffprtprl tIy rj,’~.(]1~ factors, bti~ tht $p~ctftc fa(tors undpr inv?$tl dtion 11!thl!
rc,vdrcl ar~ lM d~ed rpn~ w~,c tIj A ii, ti, ut drict the amountthdt ttw cutout it rclnforc~cl. ?he AWL twh ,,, ,.
fl~.j hf,h thl r~~~vf.~ nr~d (tl,p c{Jt~,t) !! to L* replaced [toe,, how the cutout IS to br relnforc?d) so tl!~t
lt!f$trf.rq!!!of e \lt(’; $ul ~ VI!$II mtll h undlr?lnt$hcd, lIIPcIJJe$tionto be addr~$sed is: “wII1 u$r of t?}:.
~j!,i-~~~’\r d shtll cn!(A\fII?Iq a cutoi,t and }uljectpd to an dBial compre$$ive ioad ?nsuru thdt t~lebuCk!~lI$l
strvngtn t5 hl$cIur,tlmln}tllecf?’

~l{l’fll~r‘$[~fi‘--
...........-....-— -



Description of the Test Cylinders:

Thirteen right circular cylinders were constructed of A321 stainless steel sheet
cylinders hatia nominal radius (F!)to thickness (t) ratio (P/t) of 460, and a hei9ht
ratio (h/D) of 1.09. Three of the cylinders Coctained no cutout and were used to es’
load. and. thus. the “knockdown” factor for the fabricated shells constructed by the

as shown in Fig, 2. All
(h) to diameter (C)
ablish the buckling
rollinq and seam welding

tech;ique-used in this study. Ten of the cylinders contained circular cutouts made Iy prepunching the open-
ing at the cylinder midplane befor_erolling and s~am welding. The ten cylinders tha’ contained a cutout had
a rominal cutout radius (r) to \Rt ratio of r/l’Rt = 3.64. This dimensionless rdt10 is widely use~ tc:
characterize cutout size. Eight of the cylinders containing cutouts were reinforced according to ttw A“Y[-
AIW’procedure. The amcunt of reinforcement lArea replaced (Ar) to area remved (A)], Ar/A varied
bet~een O anc 100%.

previous research by others are given in Table 1. Comparison-is
(wEIwP) containment. The “cutout” used from the MFhF datd is the

Comparisons of the various dimension$ ant!ratios of the cylirders used in ‘thisstudy to thee USC: in
also made to the Watts Bar Nuc ear P ar,t

y th~ large t

opening in a containment shell,

Lcs Alarms Miller
T&sts (Ref. ~

M~terial A3:1 SS ~~

R/t Cflo 56P

7= r~~t 3.f14 6,36

n/2 1.09 1,00

large equipme~t hatch, typical

TABLE 1
RELATIVE SHELL SIZES

Pabcock $tarnez Almroth h~fir
(Ref,-3 (Ref. 4) (Ref. 5)
~f ~3 6061-16 Al Tube4 Steel

41) 400 436 460
533 675
800

1.28 0-6 Note #S 3.73

0.975 1,25 1.00 1.00

fw,te @l hcte ~1 ----



where E= Young’s modulus of elasticity = 206.8GPa (20 x 106Psi);
t= wall thickness = 0.508 frzn(0.020 in); and
v= Poisson’s ratio = 0.3.

Figure 4 is taken frorrRef. 7 and is a p?ot of the capacity reduction factor for use in the design of
fab ~ted shells with nc cutouts when the length parameter M s L/~~t fs greater than 10. Because the
rati~
three

‘Vrt for the cylinders used in this study is 42, this curve applies. The ratios of P/PcI for the
st cylinders without cutouts and their average values are shown on this figure.

In ~ ‘ble 11 we have also reported values of “first detectable buckle.” This value is the load for which
the shel? exhibited the first indica,:~n of impending failure by structural instability. In nearly al? tests
this load has accompanied by the buckle appearing in the shell wall as an elaStiC “SnaP through,” detectable
by both sok~d and is“jump” in several of the strain gage records. configurations after the first detectable
buckle were always stable and generally barely detectable tn the load versus cross-head displacement curves.
Since these first detectable buckles are local in nature they may be highly dependent on the magnitude of tne
local imperfections.

The data obtained from the test cylinders containing cutouts (tests 4-13 in Table II) have been plotted
in two ways. Ffrst, the average buckling load for the three cylinders wjthout c~touts (tests 1-3, Table 11)
is computed. This value, Po, is found to be 49,62 kN (11,200 lb). The buckling load of each cylinder kith
a cutout is then divided by P. to obtain the ratio of P/Po. Figure 5 shows the ratio Of P/P. plotted
vs the percentage of reinforcement together with data taken from Ref. 2. The tjata from the present tests dcl
not fit the trend established by the tata from Ref. 2 and, hence, do not directly support the ConClu510n trrat
when a cutout is reinforced kith Ar/A of 100%, the buckling strength is at least as great as that of a
cylinder without a cutout.

The apparent discrepancy between the results of the Prestnt tests ar,dthe data taken from Ref. 2 can be
attributed to Cylir!derq~ality, method of obtaining Po, and the actual load distribution applied tG the
cylinder. The first two effects are discussed in the remainder of this section. Effects of load oistrlti,-
tion are discussed in detail in Ref. 6.

The d{screp!ncy can be partially explained hy plotting the ratio of actual buckling load for each c.vlIrIrI~r
to thec}assical v~lue, P$I (See f~g. 6). ]n this figure, reinforcement is not being considered. Hence,
only data from ‘no cutout tests (r ● O) and unreinforced c tout te:ts (Ar/A B O) are considered. The
solid line curvp~ are reprcducet fror kef. 4. YAs Starnes(4 points out, with high quality snells (P/PcI
q6C’% for Cy]lnders used in his tests) a sw?l hole (say F: f),!)has no effect or,buckllng load tecausc
the effect of the hole “1S ao[,arentlytoo small to cause buckling before the shell buckles into the gener~l
collapse mode due to sow rther imperfection,” Progressively larcjurholes cause the hucnling load to pro-
gressively decrease as shown fn fig. 6,

TM fabricated shells usec ir !hp pres?nt tests were Of poor Qudltty, For the threp Shells tested hltl,-
out Cutobt>, tht valuqs cf P/PcI wrre :1,6, 25.6, and 26.4%. Iiwever, as shown in Fig. 4, these are tie
ValUES to LP exprctf.f:Jr f~t,rlca;ed~hells, and as shown in Fig, 6, the data frcm the pre~e~t tests also

suppcrt th( spkcul~tlrr fISCCIgSPC a!rvf, Specifically, with a CutO~t Stze SUCI1thdt r;ikt ● 3.64, }t 1s nc:
clear that ~veI’ !hc (,!w(l*forrf,d ri,tr,,,tslgf~l$lcantlychanges the buck]lnq load, Set db!a Points (m ofI
F19, 6,

Th@ analytical mf,del~~s tht.nnw,dtfled to simulat? 100% reinforcernrnt
Thr app]lpd Iood wIS~,unfforrrlydistrlhut~d,

, apPlttKlaccordlflgto ASk’[.AR~’,
For this cese, th? bl~ckltngload wa$ found tfibr ?a% of Pcl

(toe,, P/Pc ● 0,74), and tllc Iuclllnq began around tht hole.
1

Thus, the hnalytlcal Solutlon predicts thdt
100% APM re nforcwwmt grtatly tncrcases tht bucklfnq strpngth of a cylinder conta}fitnqo Cutout, but tt
fafts to confirr th~t ](1~’i~~t’Pelnforrpvnt w$)) r?store thr buckllng strength to tbr va]u~ for thr “no
cutout” condition. b@ceII$r tho rkllndcr still Buckled around thr hole, tncreosing th? buckllno load to Qr

at,ov~th? rlass~cal valu? of e Prrfec! rylfnder would probably requir~ not only more relnfwctng, but als(
thdt it br spr~ad further dWdy frum the hole then is allowed by the ARM ~thod,

finally, thl t~hlyttcal modrIlkns used to inve~tlgate the effect of nonuniform loadfng, A Study of th~
stralf,reacitg$ Ottatnod frm lhp gages located ne~r the top of @ach t~!t cylinder revea)ed that tfse~oa~
wai, in most cases, not uhlformly dlstrlbutos!@round the circumference. The dnalytica~ model with an un-
relnfOrCerJ cutouthas Ioadodto ~lrtlilldtethe extreme$in ~Ga(tdistribution indicated by the $trat!l gages.



TABLE 11
SUMMARY OF EXPERIMENTAL RESULTS

Cylinder Description

*1--No cutout

Reinforcement Buckling Load
(Ar/A in %) ls:NBu~\le Collapse

kN (lb~

P/P~l
%

Note #3

P/P.
%

Note *4

Test No.1

16

2

3

4

5

6

7

E

Q

1{1

.,,,

12

1:

53.7
(1?,070)

26.4-.

-.

36.9
(8300)

32.9
(7400)

43.8
(9840)

21.6#2--tlocutout

52.0
(11,690)

25.6#3--No cutout 37.4
(8400)

-.

0

0

33

33

76

81

26.6
(5990)

39.7
(8925)

lY.6#lO--Cutout. no reinforcement

54.3
(12,200)

26.7#n--cutout, no reinforcement 37.6
(8450)

46.2
(10,390)

42,3
(9500)

@4--Reinforced cutout

45.1
(10,150)

26.7
(6000)

22.2#S--Reinforred cutout

4b.6
(10,920)

28.0
(6300)

61.6
(13,840)

30.3#6--Reinforced cutout 53.4
(12,000)

#G.-keinforced cutOut

p?--lieinfcrced cutout

#12--Reinforced cutout

1(I2 53.4
(12,00r

5.? 33.4
(75y-J)

1111 31,6
(71OCJ)

59.5 ?9.3 llg
(13,370)

39.4 19,4 79.1
(8360)

40.5
(9100)

*!3.-KeirlforCedCutOut

1.09

by classical theory w 203 h$ (4!,,630 lb).

load for the thrtw cylinders without cutcut - 4’?.”hh (11,209 lb).

5. [rrur l! te!,tirly(qoof); burbled at unknown load.

P,. Or, tle first te:tt or,ly, test!nq n~chine on load control. On all Ottlt’rtests, tpstlnu fl,OChlnOo:
struhe contrt.,1of O.! nmJmirl,

——

hltt,thr ](IAfla~plle~ over thp (Iltout increased to 26% shove the averdge load, th~ predicted F’/P(I
ratlc, I\ 12t (at comp~red to !!,3with un!form loading), When the load applied ovrr the Cutcut is
reduced I,y4!I%belcm avwreg~ load, tht predicted P/Pcl ratio it 28%.

All of $,htr~~ults of thp$t analytict+lstudtes are sunvnari,?edin “’ab}r111s The el)thor~note tt’~t
mar? L,uchltngtr$t$ rep~rtea tn the literature stOt@ that llth~ test Cy]lndcr Ivd$ sub~~ct to a lJnlform

load” b~t tn only a ve)y fr~ cases is data offered to verify this staterrmt. The reported buch~l~lg



TABLE 111
SUMNARY OF ANALYTICAL STUDIES

Case
Perfect cylinder--uniform load

Cylinder w/hcle, F= 3.5 (no other imperfection)

Cylinder w/hole, T = 3.5, 100% reinforcement,
(no other imperfection)

Cylinderw/hole, (Hole over loaded by26%)

Cylinder w/hole, (Hole under loaded by 43%)

7,634 ( 23.96) 0.153

35,974 (164.5) 0.74

6,107 ( 27.16) 0.12

13,854 ( 61.62) 0.28

stren~ths range from 0.19 ~ P/Pcl s0.60 for R/t u 460
explaln this wide variation in results,

, and, in most cases, ;mperfectiors are usec to
It is the authors’ opinion, based on the preceding analysis, that

nonuniform loading is also an important, and often unknown, contributor to the wide scatter in the
experimental data.

Conclusions:

The exact values of the buckling load of a fabricated steel shell without d cutout may vary within rather
wide ltmits. When a cutout is introduced ;nto that shell, the effect of the cutout on the buckling load
depends not only on the size of the cutout, but, also, on the buckling strength of the virgin shell. Further-
more, the effect that reinforcement of the cutout will have also depends upon the buckling strengtn of the
virgin shell.

When a cutout Is made in a fabricated steel shell of poor quality (low P/Pcl or IOW value of knockdohn
factor, presumably due to large initial imperfections), the buckling load may be reduced only slightly, or
not at all, by the cutout, and reinforcement will have l~ttlp or no effect. In this case, the margin to
failure iS ensured hy the corrservatfveknockdown factor requlrerjby the ASFK code. Reinforcement of cutouts,
according to the ASf4E-ARM, should en~ure that if the buckling strength of the shell is not governed by in-
itial ir+erfections the sffect of the cutout will be reduked by the reinforcerner,t and the margin to failure
WI1; be increased above the value ensureclby the use of a conservative knockdown factor.

An investigation of the importarcc of loading cor,diticn< is needed to 1) better understand the sc called
‘SiIWle’ loac cases usec tc,ir~estigate the importance of imperfections and to check theory, and 7) because
variation in l~ading ccmdltions i$ a certainty in the real world.
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